Abstract-Opportunistic space-time block codes (STBC) have been investigated for flat-fading channels in the literature. In this paper, we present a novel scheme for integrating them with orthogonal frequency division multiplexing (OFDM) for frequency-selective channels with an unequal error protection capability making it attractive for multimedia and multicasting applications. In addition, our new scheme optimizes the tradeoff between coding gain and peak-to-average ratio (PAR) while minimizing inter-carrier interference in the presence of carrier frequency offset. We show that our scheme achieves a 2dB reduction in PAR over the conventional scheme.
addition, OFDM receivers are sensitive to carrier frequency offsets which result in inter-carrier interference (ICI) [9] [10] . In the presence of multiple transmit antennas, the effects of carrier frequency offsets are even more pronounced [11] . Our proposed opportunistic STBC-OFDM scheme is designed to be robust against residual frequency offset while ensuring a favorable performance tradeoff between coding gain and PAR.
II. PAR REDUCTION DESIGN FOR OPPORTUNISTIC STBC-OFDM
In this section, we describe our proposed opportunistic STBC-OFDM scheme. As a basic example, we consider the following DEC design for 2 transmit antennas [5] X a,b = a(0)
where (.) * denotes the complex conjugation. Information symbols are transmitted in 2 layers. Layer A consists of symbol a(0) while Layer B consists of symbols b(0) and b (1) resulting in an overall rate of 1.5 symbols per channel use. The scalar K (K > 1) is designed to ensure a diversity level of 2 for Layer A and 1 for Layer B. An optimum design of K will be given in Section IV. In this paper, we choose all the information symbols from the unit-energy QPSK constellation. Extensions to other constellations are straightforward. If we switch the two signals on the two time slots as
then this switched DEC (S-DEC) maintains the same performance as DEC since it can be easily switched back at the receiver. Motivated by this observation, we propose our new opportunistic STBC-OFDM scheme (illustrated in Fig. 1 ), where the basic idea is to implement hybrid DEC/S-DEC at the OFDM symbol level. Let J a denote the set of sub-carriers on which DEC is implemented while J b denotes the set of the sub-carriers on which S-DEC is implemented. Suppose the size of J a is m and let N denote the overall number of sub-carriers. Then, the size of J b is N − m. In addition, let a 0,n , b 0,n and b 1,n denote the signals a(0), b(0) and b (1) , respectively, associated with the n-th (n = 0, 1, . . . , N − 1) sub-carrier. Consider the first transmit antenna. From (1) and (2), we obtain the signal transmitted on the nth sub-carrier in the first time slot and second time slot, respectively, as Let {s 1,p } and {s 2,p } denote the low-pass-equivalent discretetime signals obtained with an over-sampling factor of M from the first and second OFDM symbols, respectively. Then, we obtain [12] 
whose amplitudes are upper bounded as
Similarly, we obtain
Let 
According to the Parseval's theorem, we have
. Hence, we obtain
The maximum PAR over all possible codewords is
The optimum m is obtained by minimizing the maximum PAR as follows
and the corresponding maximum PAR is
Similarly, we obtain the same maximum PAR on the second transmit antenna as in (11) . Therefore, to minimize the maximum PAR, DEC and S-DEC should each be implemented on half of the sub-carriers (we refer to this opportunistic hybrid DEC/S-DEC-OFDM scheme by S-DEC-OFDM henceforth). Note that when m = N , DEC will be transmitted on all the sub-carriers (we call it DEC-OFDM), which has the same structure as STBC-OFDM. Setting m = N in (9), we obtain that PAR max of DEC-OFDM is 
, which is smaller than PAR max of DEC-OFDM but still larger than PAR max of S-DEC-OFDM. Usually, it is the complementary cumulative distribution function (CCDF) which is used as a performance metric for PAR problem. However, the exact closed-form expression of CCDF of PAR defined in (7) is intractable since the elements in vector c are correlated. Therefore, in this paper, we use maximum PAR as a performance metric. The simulation results in Section V will show that the PAR differences to achieve the same CCDF value are similar to the difference of the maximum PARs in dB scale.
III. ICI REDUCTION
A well-known problem of OFDM is its sensitivity to frequency offset between the transmitter and receiver local carrier frequencies. This frequency offset introduces ICI which affects the error performance. Hence, it is important to design the STBC-OFDM symbol to be robust against this frequency offset. In the previous section, we proposed an opportunistic STBC-OFDM scheme and proved that the lowest PAR is obtained by transmitting each of DEC/S-DEC on half of the sub-carriers. In this section, we will investigate on which subcarriers the DEC and S-DEC schemes should be implemented to reduce ICI introduced by residual carrier frequency offset. Let {h l : l = 0, .., L − 1} and {g l : l = 0, .., L − 1} denote two independent and identically distributed channels corresponding to the first and the second transmit antennas, respectively. The channel tap gains are assumed to be uncorrelated and constant over two adjacent OFDM symbols. The signal transmitted on the n-th sub-carrier in the first time slot on the first antenna is s 1,n as given in (3). Then, the signal transmitted on the n-th sub-carrier in the first time slot on the second antenna iss 1,n given bȳ
Thus, the low-pass-equivalent i-th received sample at the first time slot after the cyclic prefix removal is [13] 
where υ is a frequency offset (normalized by the subcarrier spacing) introduced by the oscillators' inaccuracies and Doppler shift of the mobile wireless channel, and {w i } are independent, circularly-symmetric, zero-mean complex Gaussian noise samples. After FFT operation, the received n-th sub-carrier symbol is given by
where H n and G n are the n-th sub-carrier channel gains from the first and second transmit antennas, respectively, {W n } are the frequency-domain Gaussian noise samples corresponding to the time-domain noise samples {w i }, and
Since all the signals are independent and equally likely QPSK symbols, E{s 1,ms1,n } = 0 and E{I 1,n I 2,n } = 0. Then, the variance of the ICI term is
Since
and
the ICI variance in (16) can be expressed as follows
In (18) 
and the coding gain of Layer B, denoted as CG B , is defined as
where a 1 and a 2 denote the symbol vectors consisting of all the symbols from Layer A in codeword X a,b,1 and X a,b,2 , respectively. Similarly, b 1 and b 2 denote the symbol vectors consisting of all the symbols from Layer B in codeword X a,b,1 and X a,b,2 , respectively. A larger power scaling factor K increases the coding gain of Layer A and decreases the coding gain of Layer B as shown in [4] . Also, K will change the maximum PAR given in (11) . Therefore, we derive an optimum K according to the design criterion of maximizing the ratio between available coding gain on each sub-carrier and the maximum PAR. Different from the classical STBC-OFDM, there is a trade-off between the coding gain of Layer A and that of Layer B for DEC-OFDM. Therefore, our design criterion must take into consideration the coding gain of both layers. From [4] and [1] , we know that the pairwise error probability (PEP) of Layer A and Layer B can be, respectively, upper bounded as follows
where M r is the number of receive antennas, r A M r and r B M r are the diversity orders of Layers A and B, respectively. We use the geometric average of P A and P B as our single performance measure for the error performance of both layers. Note that the arithmetic average of P A and P B is not an appropriate criterion since the performance of the layer with larger error probability will dominate the criterion. Therefore, we get
Since K affects the coding gains only, minimizing the geometric average of P A and P B is equivalent to maximizing the geometric average of the coding gains of Layer A and B. Note that the same coding gain is achieved for DEC and S-DEC. On the other hand, a larger PAR max causes a larger performance loss/power loss. Then, our design criterion becomes
where PARmax N is the normalized maximum PAR in (11) . Fig.  2 shows this design metric as a function of K for the QPSK constellation. We observe that the optimum K is around 2 for 2 transmit antennas. In Fig. 2 , the corresponding design metric for DEC-OFDM is also given where
The optimum K for DEC-OFDM is also around 2.
V. SIMULATION RESULTS
In this section, we compare the performance of the following five transmission schemes:
• DEC-OFDM: J a = N .
• Block S-DEC-OFDM: J a = {0, 1, . . . , 
A. CCDF Comparison
The CCDF of the PAR is calculated over 1,000,000 DEC-OFDM block realizations. Fig. 3 compares the CCDF of the four schemes at K = 2, where it can be seen that the PAR of the block S-DEC-OFDM and interleaved S-DEC-OFDM are identical and both are about 2dB lower than that of DEC-OFDM. The PAR of the 1/4 block S-DEC-OFDM and 3/4 block S-DEC-OFDM are worse than block S-DEC-OFDM and better than that of DEC-OFDM, which is consistent with our derived PAR max relation for these five schemes given in Section II. From (11), we know that PAR max decreases with increasing K. From Fig. 4 , it can also be seen that a larger K yields a smaller PAR of S-DEC-OFDM. However, for DEC-OFDM, the larger the value of K is, the larger the PAR is.
B. BER Performance with ICI Reduction
In this subsection, the channels are modeled as independent 3-tap Rayleigh fading channels with an exponential power delay profile. In our simulation, we use K = 2 and a frequency offset (normalized by the sub-carrier spacing) υ = 0.01. At the receiver, the maximum likelihood interference cancellation (MLIC) algorithm proposed in [5] is used to decode the information symbols. Fig. 5 shows that DEC-OFDM, block S-DEC-OFDM and interleaved S-DEC-OFDM have the same BER performance, which corroborates our ICI analysis in Section III. The performance of the classical STBC-OFDM with the Alamouti STBC [15] is also given as the benchmark. Similar to the conclusions in [4] , the BER of single-layer Alamouti is "sandwiched" between the BERs of the 2 layers of S-DEC-OFDM and DEC-OFDM.
C. BER Performance with Clipping
In this subsection, we use clipping and FFT-based filtering prior to transmission to evaluate the considered schemes in practical systems. Clipping and filtering are simple and effective practical methods for addressing PAR issues ( [16] [17] [18] ). After we obtained the signals s 1,p , s 2,p as in (4), the signal samples larger than a certain threshold were clipped, i.e., the clipped signals in the time domain are given bŷ
where φ is the phase of s 1,p and Γ is the PAR clipping threshold. After clipping, to keep the same bandwidth, an N M point FFT is implemented onĉ 1,p and only the first N point outputs of the FFT represent the actual transmission signals in the frequency domain. We assume that the amplifier linearity range is slightly larger than the PAR clipping threshold to account for the peak regrowth due to filtering. It can be seen from Fig. 6 that at the PAR clipping threshold of 5 dB, by simply switching the signals on two mini-slots, our proposed block S-DEC-OFDM and interleaved S-DEC-OFDM achieve about 2 dB SNR gain at BER=10 −3 over DEC-OFDM of Layer A.
VI. EXTENSION TO 3 AND 4 TRANSMIT ANTENNAS
In this section, opportunistic STBC-OFDM designs for 3 and 4 transmit antennas are presented. Due to the space limitations, the corresponding detailed performance analysis is not given. The DEC code for 3 transmit antennas [4] is given by
Let a 0,n , a 1,n , a 2,n , b 0,n and c 0,n denote the signal a(0), a(1), a(2), b(0) and c(0), respectively, associated with the n-th (n = 0, 1, . . . , N − 1) sub-carrier. Let x 1,n , x 2,n , x 3,n and x 4,n denote the corresponding signal vectors on the four time slots respectively, associated with the three transmit antennas, i.e.
Then, one possible block S-DEC-OFDM is given as
(x 2,n x 1,n x 3,n x 4,n ) n = 3N 4 + 1, ..., N (27) The optimum K of S-DEC-OFDM and DEC-OFDM are almost the same which is around 1.2 as shown in Fig. 2 .
Similarly, the DEC code for 4 transmit antennas [4] is given by
Here, we define a 0,n , a 1,n , a 2,n , b 0,n and b 1,n as the signal a(0), a(1), a(2), b(0) and b (1) , respectively, associated with the n-th (n = 0, 1, . . . , N − 1) sub-carrier. Let x 1,n , x 2,n , x 3,n and x 4,n denote the corresponding signal vectors on the four time slots respectively, associated with the four transmit antennas, i.e. (29) It can be seen from Fig. 2 that the optimum K is around 2, which is the same for both S-DEC-OFDM and DEC-OFDM.
Please note that the S-DEC-OFDM structure for 3 and 4 antennas are not unique as long as it has the same average power on different OFDM symbols.
VII. CONCLUSIONS
In this paper, we propose an opportunistic STBC-OFDM scheme for 2 transmit antennas with reduced PAR in the presence of carrier frequency offset. Our theoretical analysis shows that the lowest PAR is achieved when DEC and S-DEC are each implemented on half of the sub-carriers. ICI analysis shows that, in the presence of carrier frequency offset, subcarrier indices on which DEC or S-DEC is implemented do not affect the BER performance. Furthermore, we optimize the scheme by selecting the optimum power scaling factor K to achieve the best tradeoff between coding gain and PAR. For QPSK modulation, at the optimum power scaling factor (K=2), the PAR of S-DEC-OFDM is 2 dB less than that of DEC-OFDM. When clipping and filtering are implemented for PAR reduction at the transmitter, S-DEC-OFDM can achieve about 2 dB SNR gain over DEC-OFDM at the PAR clipping threshold of 5 dB. Extension to 3 and 4 transmit antennas are also presented.
